The molecular structure and vibrational spectra of homologous series of nematogenic p-n-alkylbenzoic acids (nBAC) with 4 (4BAC), 5 (5BAC), 6 (6BAC), 7 (7BAC), 8 (8BAC) and 9 (9BAC) carbon atoms in the alkyl chain have been investigated using the density functional Becke3-Lee-Yang-Parr (B3LYP) level with the basis set 6-31++G(d.p) and the Hartree-Fock with the same basis set. The computations have been carried out for all the molecules but detailed results have been reported only for 9BAC molecule. However, the salient features of others have also been reported. The observed vibrational spectra have been resolved and assigned in detail for comparison with the molecules. These results indicate that DFT and HF values are slightly different at both the levels. A comparison of electronic properties such as HOMO (EHOMO), LUMO (ELUMO) energies, energy gap (Eg), ionization potential (I), electron affinity (A), electro negativity (χ), chemical hardness (η), electronic chemical potential (µ), electrophilicity index (ω), and softness (S) has been made. It has been observed that the substitution of additional alkyl group has a profound control on energy band gap, and the conductivity of molecules.
Introduction
A central problem in modeling of new and advanced materials, particularly complex molecules such as liquid crystals (LCs), understands the relation between molecular structure and material properties [1] . The quest for new materials, whether driven by their potential for applications or simply by natural scientific curiosity about structure/phase stability relationship, has always been a vital part of the LC scenario. Indeed, the fundamental research in this direction opened many doors to provide effective solutions to the different problems [2, 3] . The applications of LCs have unquestionably added incentive to the quest for designing new materials with superior properties such as transition temperatures, phase behavior, and stability [4] .
Further, the benzoic acids and their salts are permitted food preservatives in many types of foods [5] . Substituted benzoic acids are very important materials in chemical and pharmaceutical industries and can be prepared by oxidation of the corresponding substituted toluenes [6] [7] [8] . A recent patent reported that their activity was related to novel synergistic compositions that selectively control on tumor tissue [9] .
The vibrational spectroscopy deals with a double averaging of information. The first averaging is due to the fact that for most samples the observed molecules are randomly oriented (such as gas, liquid, amorphous or * corresponding author; e-mail: durga_ojha@hotmail.com polycrystalline solids), the second is due to using unpolarized radiation, so that the orientation of the observed transition moment relative to the propagation direction of probing beam is not revealed [10] .
In view of this, the vibrational spectroscopy has become the informative tool in order to the analysis of intensity and position changes of vibrational bands that makes it possible to identify the liquid crystal phases and calculate the orientational order parameters. We can also obtain information about the tail and core orientational order by observing the band corresponding to vibrations of the relevant functional group [11] . Further, an understanding of physics and chemistry of organic compounds requires the conception of molecular orbital properties and spectra. These spectroscopic and structural features are a big challenge to the interplay between theory and experiment. The main difficulties hindering a reliable computational approach is related to the size of such systems and the presence of strong electron correlation effects. Both properties are difficult to treat in the framework of quantum mechanical methods in the Hartree-Fock (HF) theory. The method based on density functional theory (DFT) applied to small and middle sized system provides rather good accuracy at low computational cost [12, 13] .
In the present article, the calculation of molecular structures and vibrational spectra (with IR and Raman intensity) of nematogens, namely; 4BAC, 5BAC, 6BAC, 7BAC, 8BAC and 9BAC molecules have been discussed using the DFT incorporated with the basis set B3LYP/6-31++G (d.p) and HF theory with the same basis set but detailed results have been reported only for 9BAC molecule. However, the salient features of other (557) molecules have also been reported. Further, the electronic properties such as HOMO, LUMO energies, energy gap, ionization energy, electron affinity, electronegativity, chemical hardness, electronic chemical potential, electrophilicity index, and softness have been reported. An attempt has been made to discuss the effect of an increment in the alkyl chains on the isolated molecules.
Computational details

Quantum chemical calculations
The quantum chemical calculations have been performed at the density functional B3LYP and HF levels of theory supplemented with standard 6-31++G (d.p) basis set at the Gaussian 09 program to calculate bond length, bond angles and vibrational frequencies with the IR intensities and the Raman scattering activities. The 6-31++G (d.p) split valence-shell basis set was augmented by d polarization function on heavy atoms and p polarization function on hydrogen atoms have been used [14, 15] . To reproduce the Raman spectra, Gaussian calculated activities have converted in corresponding Raman intensities using the empirical relation of the Raman scattering theory [16, 17] . The structural and electronic properties of all the molecules have been investigated and compared with each other.
Results and discussion
Molecular structure
The DFT optimized molecular structure of nBAC has been shown in Fig. 1a -f. As evident from Table I , the total energy of nematogens exhibit the following order (magnitude wise): Much of the interesting phenomenology of liquid crystals involves in the geometry and dynamics of the structure. Hence Fig. 1a -f is essential to understand and design the new molecules. Optimized bond lengths, bond angles and dihedral angles at the DFT/B3LYP/6-31++G (d.p) level and HF/6-31++G (d.p) level of molecules have been given in Table II . The DFT and HF values are slightly different as HF calculation does not include electronelectron interaction term. Therefore, we have discussed only the DFT results. Evidently, the bond length of C39-O42 and C39-O40 have shorter values for 9BAC molecule while those length of C11-C14, C14-C17, C17-C20, C20-C23, C23-C26, C26-C29 and C29-C32 respectively have found to be larger. These geometrical parameters are sensitive to the hydrogen bonding.
Taking into account, the above consideration, the computed data (Table II) are slightly different at both the level (DFT and HF) theories. Also, angle α (C4-C39-O42) has been found to be larger while angle α (C1-C11-C14) has shorter value for 9BAC molecule. The same trend has been observed for other molecules. These discrepancies may be due to intra-molecular hydrogen bonding. 
Vibrational spectra
The harmonic-vibrational frequencies calculated for 9BAC molecule at the B3LYP level using the double valence basis set along with diffuse and polarization functions, 6-31++G (d.p) have been given in Table III . r = stretching, τ = twisting, ω = wagging, β = in-plane bending, µ = rocking, γ = out of plane bending, ρ = scissoring, ipr = inplane rocking, ips = in-plane stretching, ipb = in-plane bending, opb = out of plane bending, sb = symmetric bending, ϕa = aromatic angle bending, ϕc = chain angle bending A comparison of the calculated frequencies reveal the overestimation of the values due to neglect of anharmonicity in real system. However, inclusion of electron correlation in density functional theory to a certain extent makes the frequency value smaller. Reduction in the computed harmonic vibrations, through basis is sensitive only marginal as observed in the DFT values using 6-31++G (d.p). Any way not withstand the level of calculations, it is customary to scale down the calculated harmonic frequencies. The potential distributions (PEDs) have been also calculated. The assignments were shown in Table III . The present PEDs reveal that the most of the normal modes are superposition of several different vibrations. Hence, it is a little difficult to assign a normal mode of a particular stretching or bending vibration. The calculated IR and the Raman spectra of 9BAC molecule have been presented in Fig. 2 . In the vibrational spectra, the strength of hydrogen bond determines the position of O-H bond. Evidently, a very strong absorption peak has been observed at 3769 cm −1 , due to O-H stretching vibration in 9BAC molecule. The aromatic structure shows the presence of C-H stretching vibration in the region 3100-3000 cm −1 , which is the characteristic region for the identification of C-H stretching vibration [18] . The asymmetric CH 2 stretching vibrations are generally observed in the region of 3100-3000 cm −1 , while symmetric CH 2 stretching vibrations are generally observed between 3000 and 2900 cm −1 [17] . Evidently, for 9BAC molecule, the asymmetric CH 2 stretching vibrations have observed at 3082 and 3067 cm −1 while symmetric CH 2 stretching vibrations observed at 3019 and 3022 cm −1 , respectively. The C-C aromatic stretch known as semi-circle stretching has been observed at 1657 cm −1 coupled with other vibrations. The other C-H stretching vibration has also been found in the spectra with appropriate PED. Furthermore, CH 2 scissoring vibrations have been observed for the molecule, namely 9BAC. 
Electronic properties
The HOMO and LUMO studies are very important for quantum chemistry. These orbitals are also known by the name frontier orbitals, because they lie at the outermost boundaries of electron in the molecules. Both the HOMO and LUMO are the main orbitals that take part in the chemical stability [19] . The HOMO, LUMO energies, and energy gap (E g ) of lower and higher homologous series, namely 4BAC and 9BAC molecules are shown in Fig. 3a,b. The energy of the HOMO is directly related to the ionization energy, LUMO energy is directly related to the electron affinity. The energy gap (E g ) between the HOMO and LUMO is an important factor in the determination of molecular transport properties and photo stability. The chemical hardness is a measure for resistance to deformation or change, is very important tool to study the stability of molecular systems, and is also an approximation to the first electron excitation energy. The lowering of energy separation between the HOMO and LUMO clearly explicates the charge transfer interactions taking place within the molecules. The average value of the HOMO and LUMO energies is related to the electronegativity. The negative of the electronegativity is the chemical potential. Evidently, the 4BAC molecule exhibits lower band gap; hence its electron conductivity is high (Fig. 3a,b) . Lower the value of energy gap explains the eventual charge transfer interactions taking place within the molecule. The calculated values of electronic properties of isolated molecules, namely; 4BAC, 5BAC, 6BAC, 7BAC, 8BAC and 9BAC have been given in Table IV for comparison. 
Global reactivity descriptors
A molecule having ionization potential I or electron affinity A loses or admits an electron hardly [20, 21] . By the Koopmans approximation [22, 23] , the ionization potential and electron affinity of any molecule can be calculated using the relations I = −E HOMO ,
The Koopmans theorem for closed-shell molecules [23] results in the hardness of the molecule η = (I − A)/2.
The chemical potential of the molecule µ = −(I + A)/2.
The softness of the molecules S = 1/2η.
The electronegativity of the molecule χ = (I + A)/2.
The electrophilicity index of the molecule ω = µ 2 S.
Using the above relations the electronic properties of 4BAC, 5BAC, 6BAC, 7BAC, 8BAC and 9BAC molecules have been listed in Table IV.
Effect of alkyl chain length on chemical stability
The majority of mesogenic molecules are composed of an aromatic core, to which one or two alkyl chains are attached. The primary role of alkyl chains is to widen the liquid crystal range. The liquid crystal properties, such as the nematic-isotropic transition temperature and the entropy of transition, are also influenced by the presence of alkyl chain [24] . Evidently, a comparison between lower and higher homologous series, namely 4BAC and 9BAC of molecules shows a clear preference for an increment in homologue number to exhibit HOMO and LUMO energies (Fig. 3a and b) . Moreover, the energy gap (E LUMO − E HOMO ) also shows the same preference. This provides valuable information regarding enhancing the stability of liquid crystal materials.
Conclusions
The present computation leads to the following conclusions:
1. A very strong absorption peak has been observed at 3769 cm −1 , due to O-H stretching vibration in 9BAC molecule.
2. The angle α (C4-C39-O42) has found to be larger while angle α (C1-C11-C14) has shorter value for 9BAC molecule. The same trend has also been observed for all the molecules. These discrepancies may be due to intra-molecular hydrogen bonding.
3. The substitution of additional alkyl group has a profound control on band gap, and the conductivity of molecules.
4. The DFT and HF values are slightly different as HF calculation does not include electron-electron interaction term.
5. A comparison of the calculated frequencies indicates the overestimation of the values due to neglect of anharmonicity in real system. However, inclusion of electron correlation in density functional theory to a certain extent makes the frequency value smaller.
